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Ultra-Low-Threshold, Highly-Flexible, Solution-

Processible Lasers: Do We Need Them?

® Ultrahigh-gain chem/bio sensing
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APL 60, 3215 (1992);
Solid-state polymer laser, Tessler et al.,
Nature 382, 695 (1996)

Solution-based polymer laser: Moses et al.,

ADVANCED
MATERIALS

Semiconducting (Conjugated) Polymers
as Materials for Solid-State Lasers**

By Michael D. McGehee and Alan J. Heeger* ; )
. L%
Light-emissive polymers are outstanding laser materials because they are intrinsi- R \ -

cally “4-level” systems, they have luminescence efficiencies higher than 60 % even in [\<;,4/ \l \/>f_> \ \,
undiluted films, they emit at colors that span the visible spectrum, and they can be (o] 0 R
processed into optical quality films by spin casting. The important materials issues ¥ >

are reviewed and the prospects for making polymer diode lasers are discussed.

Organic Semiconductor Lasers

I. D. W. Samuel* and G. A. Turnbull

Organic Semiconductor Centre and Ultrafast Photonics Collaboration, SUPA, School of Physics and Astronomy, University of St Andrews,

St Andrews, Fife KY16 9SS, UK
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Organic Micro/Nanoscale Lasers
Wei Zhang, ™ Jiannian Yao, ™ and Yong Sheng Zhao™"

"Key Laboratory of Photochemistry, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China
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Polymer Lasers...still Not with Electrical Pumping“’q\/a

recent advances

Materials Today 7 (9), 28 (2004).
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Recent advances in solid-state organic lasers
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Organic Lasers: Recent Developments on Materials, Device
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Semiconductor Nanocrystals: Quantum Dots Made

in a Chemical Beaker

100 atoms
] 2 nm

0%
i
o

Cd,,Se,(SePh),,(PPr;),
Cluster Molecule

Quantum Dot Regime

B Extreme quantum confinement

1D,
1P,
1S —

Eg(bulk) E,(NQD)

18/-, N, AR
1Py,
1Dy,

E,(NOD) = E (bulk) +

quantum
confinement term
(> 200 meV)

100,000 atoms
20 nm

Bulk CdSe

Films of CdSe QDs of Different Radii




Semiconductor Nanocrystals: Quantum

Dots Made in a Chemical Beaker
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Commercial Samples of Quantum Dot Samples...

...back in the 1970s (...probably much earlier)

noTechnology& AdvancedSpectroscopy Team
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Biexciton effects in femtosecond nonlinear transmission of semiconductor quantum dots
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FIG. 1. DTS of the CdSe NC’s (T=300 K) at different delay between
pump and probe pulses.




First Quantum Dot Samples: Effects of Size

Quantization in Semiconductor Doped Glasses

B Quantum dots in QlaSS matrices Manifestation of dimensional quantization levels in the
(|ate 1970s - ear|y 19805) nonlinear transmission spectra of semiconductor
microcrystals

Yu. V. Vandyshev, V.S. Dneprovskil,and V.l. Klimov
M. V. Lomonosov Moscow State University

Bulk CdSe (Submitted 19 February 1991)
Pis’ma Zh. Eksp. Teor. Fiz. 53, No. 6, 301-306 (25 March 1991)

Brightening peaks attributable to transitions between dimensional quantization
levels are recorded in the transmission spectra of CdSe microcrystals (80 and 300
K) excited by picosecond light pulses. The dynamics of transmission restoration,
which is explained on the basis of a model of discrete level filling in the conduction
and valence bands, is investigated.
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FIG. 1. Absorption spectra of samples containing microscopic CdS crystals of various radii. 1—a = 380 A;
2—G=324;3—a=194; 4—14 A.



Problem: Colloidal Quantum Dots Highly Efficient
Emitters... but Difficult Lasing Material
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Luminescent Solar Concentrators and Color-
Converting Films

inoTechnology

| ® Quantum dot greenhouse film (UbiQD, Los Alamos, NM, USA)
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Towards Colloidal Quantum Dot Laser Diodes

S B " 't B QD-LEDs
MRSEBulle

M. Achermann, V. |. Klimov,

5] MATERIALS RESEARCH SOCIETY et al., Nature 429, 642
(2004)
= - W.-K. Bae, et al., MRS
Bulletin 38, 721 (2013)
ﬁuﬂ;ﬂel::;:; J devices LAVREY W.-K. Bae, et al. Nature
L] i @
g g l = . | Comm. 4, 2661 (2013)
e
. - | ® QD-lasers
‘ e |
. @ | eeesEl = | V. Klimov et al., Science 287,
s 1011 (2000)
@ I V. Klimov, et al. Nature 447, 441
[ | 4 . . (2007)
B . Y.-S. Park, V.. Kiimov et al. Nano
eee.ll » Lett. 15, 7319 (2015)
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0B - Klimov, Nature Mater.
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Climbing the ladder of density
functional approximations

(2018)




Quantum

Dot Lasing... a Bit of History

10Technology & Advanced Spectroscopy Team

nature reviews materials

Y.-S. Park, ...V.l. Klimov
et al., Colloidal quantum

dot lasers, Nat. Rev. Mat.
Feb. 15, 2021
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Theoretical concept: Arakawa & Sakaki, Multidimensional
quantum well laser and temperature dependence of its
threshold current. APL 40 (1982).

Asada, Miyamoto & Suematsu, Gain and the threshold of three-
dimensional quantum-box lasers. |IEEE J. Qu. EI. 22 (1986)

Fig. 1 | Quantum dot lasing: from the theoretical concept to the practical demonstration
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First demonstration (glass-embedded CdSe
nanocrystals in a FP cavity, T = 80 K):
Vandyshey, ... Klimov, Lasing on a transition
between quantum-well levels in a quantum dot.
JETP Lett. 54, 442 (1991)
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Nanocrystal Lasing & Auger Recombination:

Significance of X-X interactions in Nanocrystals
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SCIENCE VOL 287 11 FEBRUARY 200

Optical Gain and Stimulated
Emission in Nanocrystal
Quantum Dots

V. L. Klimov,"® A. A. Mikhailovsky,1 Su Xu,1 A. Malko,1
J. A. Hollingsworth," C. A. Leatherdale,? H.-). Eisler,?
M. G. Bawendi®*
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Quantization of Multiparticle
Auger Rates in Semiconductor
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Ultrasmall Q-dot Paradox: Optical Gain due to

Nominally Nonemissive Species

® Optical amplification (and lasing) threshold in NQDs:
N > 1 e-h pairs per dot -> Gain is dominated by biexcitons!

‘
?

Absorption Transparency  Gain (Amplification)

® Nonradiative Auger recombination threshold: N > 1 e-h pairs per dot

— A - -
Auger decay: e e CdSe Q-dots:
3 V. Klimov et al., Science
Ty s =0—360 ps (T, < R’) :
; -Q—Q— —Q—Q— 287, 1011 (2000)

. e CdSe Q-rods:
Radiative decay: H. Htoon, et al., Phys.
Ty raq = 20 NS h h (F;%\S;)ett. 91, 227401
TXX,rad =5ns —

Biexciton PL quantum yield: ~50 ps/5000 ps = ~1%




Two Tricks: Close-Packed Nanocrystal Solids &

Short-Pulse Optical Excitation

noTechnology& AdvancedSpectroscopy Team

B Possible Solution: Increased rates 13 OCTOBER 2000 VOL 290 SCIENCE
of stimulated emission (SE) in dense Optical Gain and Stimulated
QD assemblies Emission in Nanocrystal
SE rate scales linearly with QD concentration Quantum Dots

V. L Klimov, ' A. A. Mikhailovsky,1 Su Xu,! A. Malko,’
J. A. Hollingsworth, C. A. Leatherdale,? H.-). Eisler,2
M. G. Bawendi?*
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Single-Exciton Optical Gain via Strong Exciton-

Exciton Repulsion in Type-ll QDs

Vol 447|24 May 2007|doi:10.1038/ nature05839 nature

Single-exciton optical gain in
semiconductor nanocrystals

Victor I. Klimov', Sergei A. Ivanov’, Jagjit Nanda', Marc Achermann’, llya Bezel', John A. McGuire'
& Andrei Piryatinski®

Nanocrystal quantum dots have favourable light-emitting properties. They show photoluminescence with high quantum
yields, and their emission colours depend on the nanocrystal size—owing to the quantum-confinement effect—and are
therefore tunable. However, nanocrystals are difficult to use in optical amplification and lasing. Because of an almost exact
balance between absorption and stimulated emission in nanoparticles excited with single electron-hole pairs (excitons),
optical gain can only occur in nanocrystals that contain at least two excitons. A complication associated with this
multiexcitonic nature of light amplification is fast optical-gain decay induced by non-radiative Auger recombination, a
process in which one exciton recombines by transferring its energy to another. Here we demonstrate a practical approach for
obtaining optical gain in the single-exciton regime that eliminates the problem of Auger decay. Specifically, we develop core/
shell hetero-nanocrystals engineered in such a way as to spatially separate electrons and holes between the core and the Optlcal gal n
shell (type-Il heterostructures). The resulting imbalance between negative and positive charges produces a strong local

electric field, which induces a giant (~100 meV or greater) transient Stark shift of the absorption spectrum with respect to .

the luminescence line of singly excited nanocrystals. This effect breaks the exact balance between absorption and stimulated En hanced repu |S|On
emission, and allows us to demonstrate optical amplification due to single excitons.
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Lasing Threshold: CW Excitation

B Continuous wave (cw) excitation

noTechnology& AdvancedSpectroscopy Team
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Auger Recombination: Universal Size-Dependent

Trend (“V-scaling”)

SCIENCE VOL 287 11 FEBRUARY 2000

Quantization of Multiparticle m Generality of V- scaling:
Auger Rates in Semiconductor
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Quantum Dots

Cw Lasing with Bi-axially Strained “Giant” CdSe/CdS M\fv

noTechnology& AdvancedSpectroscopy Team

B Thick-shell CdSe/CdS QDs: Extended XX Auger lifetime (Txx = 650 ps)
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Suppression of Auger Recombination via Wavefunction

Engineering in Fourie Space

H Effect of interfacial

potential on Auger decay

G. Cragg & Al. L. Efros, Nano
Lett. (2010)
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|

\ o Final State
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B Uncontrolled interfacial
alloying and Auger decay
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Novel Type-l “Giant” Quantum Dots with a

Continuously Graded Shell

B Type-l “giant” QDs with a H Record high XX PL QYs
continuously grade shell
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Towards zero-threshold optical gain using charged
semiconductor quantum dots

Kaifeng Wu", Young-Shin Park'?, Jaehoon Lim' and Victor |. Klimov'*

Colloidal semiconductor quantum dots are attractive materials for the realization of solution-processable lasers. However,
their applications as optical-gain media are complicated by a non-unity degeneracy of band-edge states, because of which
multiexcitons are required to achieve the lasing regime. This increases the lasing thresholds and leads to very short
optical gain lifetimes limited by nonradiative Auger recombination. Here, we show that these problems can be at least
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Sub-Single Exciton Lasing with Charged Quantum

Dots: Exploiting “Zero-Threshold” Gain Concept

noTechnology& AdvancedSpectroscopy Team

B Photochemical reduction for controlled charging of QDs
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Challenges of Colloidal QD Laser Diodes (QLDs) Q\/W

noTechnology& AdvancedSpectroscopy Team
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------------------------------------------------------------ J=J.+J,
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P, | <01 P, | ~0.5 Related sub-challenges:
Pyx 0 Py | ~0.5 o Avoid disruption of charge injection pathways
o Avoid quenching of lasing modes by charge-
Sufficient for Half saturated conducting layers
L ~106 cd m=2 gain: G, = 0.5G, o Realization of lasing with ultrathin optical gain
_ medium (< 5 QD monolayers) that can be
H. Jung, N. Ahn, V.I. Klimov, Nat. excited e[ectrica[[y

Phot., in press (2021)
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Challenges of Colloidal QD Laser Diodes (QLDs) W/\[
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B Operational cycle: LED vs. QLD B Excitation rate for G,, = 0.5G,

= g = (2750 1 + (1 + 12730/ 5) /2
o Ay gy~ Utk if 7 < 1
& B Conversion to current density (j)
§ R e ‘ Electrical cross-section: g, = (1/f) Ogeom
- //'/ 4 = [ o-e\ o
o | Q N \Q‘\Q Areal filling factor: f<1
(" & T\ o (%)) : _
| /i -\ —O— /¢ -0-0-/ | J= €f g/ O-geom
AT RN 4 @ @
R LED Laser Diode -~ @@@ Ju = €f/(Txx Cgeom)
,’Z° :82 ﬁO Ng : @ ® Estimations of j,
X . X .
e — WL S e
xx = 110 ps
o Wy Vv XX p
Sufficient for Half saturated Cj Q Q T 5
L ~10¢ cd m gain: G, = 0.5G, (’[ l‘\'('[ l M )\l J»=2.5 kA cm=

H. Jung, N. Ahn, V.I. Klimov, Nat.
Phot., in press (2021) Standard colloidal QD LED:j< 1 A cm™




Type-l “Giant” Quantum Dots with

a Continuously Graded Ultra-Thick Shell

B Type-l “giant” QDs with a
continuously grade shell

Compositionally Protective
graded Cd Zn, Se shell thin ZnSe, .S, layer

/nlSelS

CdSe

J. Lim, Y-H.
Park, V..
Klimov, Nature
Mater. 17, 42
(2018)

Energy

'
E= CdZn, Se

Y-H. Park, J.
24 ev<—2.0;eV Lim, V.I. Klimov,

}

: Nature Mater.
| : | | 18, 249 (2019)
' o
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B Long biexciton lifetimes &
large electrical cross-sections

= 1.3 ns

R =9 nm, Oyeom = 3%10712 cm?

j v ~ ef / ( O-geom z-XX)

B Estimation of j for half-
saturated gain: j,

ji, ~ 22 A cm?2

B Estimation of j at the
gain threshold (G = 0): j,

joz 7A Cn']_2

Standard colloidal QD LED:
j<1Acm?
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Optical gain in colloidal quantum dots achieved

with direct-current electrical pumping B 1P emission in EL

Jaehoon Lim"?", Young-Shin Park"?" and Victor I. Klimov'™ e
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o
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Emitting N > \ “ ¢1P
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Population Inversion and Light Amplification

Achieved Using Direct-Current Electrical Pumping

noTechnology& AdvancedSpectroscopy Team

H 1P emission with electrical pumping m Electrically pumped gain

. -2
Current denSIty (A cm™) a | Pinhole LED
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- e=|
8 10° - T3 1
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£ 10% 0 1 S(0.02Acm?
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. o
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7, = ¥, = y(excitation rate) . o ai,,I
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J. Lim, Y.S. Park, V.I. Klimov, Wavelength (nm)

Nature Mater. 17 (2018)




Colloidal QD Laser Diode (QLD)
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HTL
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Glass

Lasing Emission
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Lasing with Ultrathin QD layers

(3 ML or less)

QPSRN 5 - o0
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Colloidal QD-LED with Ultrahigh Current

Densities up to 1000 A cm

B Pulsed QD-LED with current
focusing

| LI | LI | LI |
J-V characteristics J (e
. J= 636 A/emz — 97
10 A 2.1 ]
4.0
10° 130
226
o 4 37.7
NE 10 54.6
o 86.7
E oo L
> ) 2221
2 10 ~ers
R — e
c 10 1S — 6358
5 0 ]
O 10
10" ok A |
o2 450 500 550 600 650 700 750
Wavelength (nm)
Voltage (V)
H. Jung, N. Ahn, V.1 Complete population inversion of 1S & 1P

Klimov, et al., Nat. Phot., oy ® . . . .
under review (2021) transitions using quasi-d.c. electrical pumping!




We are Ready to Put Together the Colloidal QD

Laser Diode Puzzle
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‘/cg-QDs with ‘/Highly effective
suppressed = current focusing
Auger decay

ITO/glass

‘/ Integrated
cavity

v j~ 1000 A cm?
with pulsed
excitation
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End Result

® Highly versatile, color selectable,
inexpensive solution-processable gain media
for on-chip optical amplifiers and lasers

ol
a4
— 3F o
> cds
W ). |
CdSe
% CdTe
InP
T 1}
S [ |wcds(refs33,41) ”,
‘2 oL |®Cdse (refs 19,32) »»
2 oL |« cdTe (refs 34, 41) ]
uE_, ap-[MInP (refs 35,36) [-—cococcmmcaaaao By Pbs
P PbS (refs 37-39)
3F-|a Pbse (ref. 40) 1Pbse
2 1 1 Lok I 1 1 L 1 L L1l
100 101

QD radius (nm)

B New materials platform for implementing
highly integrated active photonic circuits
(classical and quantum)

© Pingingz,

Shutterstock
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Summary & Acknowledgements

B Suppression of Auger decay via
continuous shell grading in type-l
“giant” QDs (~50% bi-X PL QYs)

B Population inversion with dc

Energy

electrical pumping (current focusing) 5

® Dual-function lasing/EL device

m LEDs with J of 1000 A/cm2 (1P PL > 7o

1S PL)

MoO,

TCTA

LiF
QDs

ITO/glass

Jaehoon Lim Jeongkyun Roh

Heeyoung Jung

ZnSeysSps | 94 nn&
_
{  90nm P
: 2.0 nm .

'
'
E= CdZn, Se
24eVe—20eV
'

MoO,/Al

HTL
BERP oo

f° ETL

L-ITODFB
Glass

Young-Shin Park Namyoung Ahn
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Los Alamos Quantum Dots

Collaborators

Members: Past & Present (>80)




Job Openings at Los Alamos: Postdoctoral & Student \/\

Positions

Nanotechnology and Advanced Spectroscopy Team

 Ultrafast Spectroscopy
* Single-Dot Spectroscopy
*Synthetic Inorganic/Organic Chemistry
with Nanoscience emphasis
 Solution Processible Devices (PVs, LEDs, Lasers)

Contact: Victor Klimov, klimov@lanl.gov
Phone: (505) 665-8284, Fax: (505) 667-0440
http://quantumdot.lanl.gov
http://casp.lanl.gov
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